Self-cleavage of Human CLCAT1
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mechanism of action is unknown.

CaCCs.

functions in diseases.
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(Background: CLCA proteins activate CaCCs; CLCAs have roles in cancer and inflammatory lung diseases, but their
Results: CLCA proteins must undergo self-cleavage via their own novel metalloprotease domain in the N terminus to activate

Conclusion: Self-cleavage unmasks the N-terminal fragment, which alone activates CaCCs.
Significance: This work identifies a unique ion channel activation mechanism defining framework to understand CLCA
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The chloride channel calcium-activated (CLCA) family are
secreted proteins that regulate both chloride transport and
mucin expression, thus controlling the production of mucus in
respiratory and other systems. Accordingly, human CLCA1 is a
critical mediator of hypersecretory lung diseases, such as
asthma, chronic obstructive pulmonary disease, and cystic
fibrosis, that manifest mucus obstruction. Despite relevance to
homeostasis and disease, the mechanism of CLCA1 function
remains largely undefined. We address this void by showing that
CLCA proteins contain a consensus proteolytic cleavage site
recognized by a novel zincin metalloprotease domain located
within the N terminus of CLCA itself. CLCA1 mutations that
inhibit self-cleavage prevent activation of calcium-activated
chloride channel (CaCC)-mediated chloride transport. CaCC
activation requires cleavage to unmask the N-terminal fragment
of CLCA1, which can independently gate CaCCs. Gating of
CaCCs mediated by CLCA1 does not appear to involve proteo-
lytic cleavage of the channel because a mutant N-terminal frag-
ment deficient in proteolytic activity is able to induce currents
comparable with that of the native fragment. These data provide
both a mechanistic basis for CLCA1 self-cleavage and a novel
mechanism for regulation of chloride channel activity specific to
the mucosal interface.
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The chloride channel calcium-activated (CLCA)® proteins
are a complex family targeted for a role in cancer (1, 2) and
inflammatory diseases (3) but are poorly understood in terms of
molecular structure and function. The original annotation of
this family as calcium-activated chloride channels (CaCCs) was
based on the observation that overexpression of several differ-
ent CLCA paralogues from various species all induced chloride
current in response to cytosolic calcium flux (4, 5). However,
bioinformatic (3) and experimental data (6—8) indicate that
CLCA proteins generally lack essential features to form ion
channels by themselves as they either contain only a single
transmembrane anchor or are fully released in soluble form.
Indeed, a recent study provides strong evidence that human
CLCAL1 functions as a secreted factor that increases the activity
of other proteins that act as endogenous CaCCs (9).

Significant interest in CLCA proteins stems from their asso-
ciation with human disease. CLCA1 has been linked to the
pathogenesis of human asthma and chronic obstructive pulmo-
nary disease; CLCA1 expression is significantly increased in the
airways of these types of patients (6), and polymorphisms in the
CLCA1 gene have been reported in a subset of patients with
asthma (10) and chronic obstructive pulmonary disease (11). In
animal models of these diseases, the mouse and horse ortho-
logues of CLCA1 were shown to be necessary and sufficient for
driving increased mucus production (12-15). Most impor-
tantly, there is evidence that CLCA1 stimulates an increase in
mucus production by initiating a MAPK signaling pathway to
express mucins (the major protein component of mucus) in

3The abbreviations used are: CLCA, chloride channel calcium-activated;
hCLCA1, human CLCAT; CaCC, calcium-activated chloride channel; CF, cys-
tic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator;
VWA domain, von Willebrand type A domain; TEV, tobacco etch virus;
MMP, matrix metalloprotease; ADAM, a disintegrin and metalloproteinase;
ADAMTS, a disintegrin and metalloproteinase with thrombospondin
motifs; pF, picofarads.
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humans, a pathway that is highly activated in humans with
chronic obstructive pulmonary disease (16). Understanding the
mechanism of CLCA function in signaling for mucus overpro-
duction could lead to effective anti-mucus therapies.

Other studies suggest that CLCA proteins are also associated
with the pathogenesis of cystic fibrosis (CF); mutations in the
cystic fibrosis transmembrane conductance regulator (CFTR),
a chloride channel found in the apical membranes of mucosal
epithelial cells, disrupt normal chloride transport, resulting in
insufficiently salted and hydrated mucus. Fatal intestinal dis-
ease found in CFTR-deficient mice, however, is corrected by
overexpression of native mouse CLCA3 (an orthologue of
human CLCA1) (17). Consistent with this observation, a muta-
tion in the CLCA1 gene is found in a subset of CF patients with
more severe intestinal disease (18). These studies indicate that
CLCA1 may function to alleviate CFTR deficiency symptoms
by increasing endogenous CaCC activity and compensating for
defective CFTR-mediated chloride transport. To that end, an
understanding of the mechanism of activation could also be
exploited to produce effective CF therapies.

In the present study, we aimed to better understand CLCA1
function with an analysis of CLCA processing. We recognized
that proteolytic processing is critical to signaling function for
other proteins (19) and that CLCA proteins are uniformly sub-
jected to proteolytic cleavage within the secretory pathway to
yield N- and C-terminal CLCA fragments of ~70 and 38 kDa,
respectively (3). Here, using a combination of sequence analy-
sis, structure prediction, and biochemical, biophysical, and
electrophysiological techniques, we demonstrate that all CLCA
proteins contain a consensus cleavage motif, which is recog-
nized by a novel zincin metalloprotease domain located within
the N terminus of CLCA itself. In addition to self-proteolysis,
we also demonstrate that CLCA paralogues are capable of
cross-proteolysis. Finally, we demonstrate that this self-cleav-
age event is a required step for CLCA1l-based activation of
CaCCs, which is mediated solely through the N-terminal frag-
ment. Taken together, these data support a paradigm of CLCA
activation through self-proteolysis to unmask an N-terminal
fragment capable of gating CaCCs.

EXPERIMENTAL PROCEDURES

Expression Constructs—Constructs were generated using
standard PCR and molecular biology techniques. All constructs
were verified by DNA sequencing. For determination of proteo-
lytic cleavage sites, full-length mature-form CLCA proteins (i.e.
without their endogenous signal sequences) were cloned into
the pHLsec vector (20) containing an optimized signal
sequence and C-terminal hexahistidine tag. Soluble CLCAs
were designed by omitting C-terminal membrane anchors from
those CLCAs that contain them (i.e. human CLCA2, human
CLCA4, mouse CLCAA4). Specifically, constructs contained the
following residues: CLCA1 22-914; CLCA2 32-899; CLCA4
22—-876; mouse CLCA322-913; mouse CLCA4 22— 897. Muta-
tions were introduced into the full-length CLCA1 pHLsec con-
struct using Phusion mutagenesis (New England Biolabs) for
mutational analysis of the cleavage site and predicted active site
residues. Full-length CLCA1 and select mutants containing the
optimized signal sequences were subcloned from pHLsec con-
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structs into the pCDNA3.1 expression vector (Invitrogen). A
dual-tagged CLCA1 construct in pCDNA3.1 was made by
inserting a FLAG tag directly after the signal sequence and a
hexahistidine tag at the C terminus of the protein. Mammalian
cell expression constructs encompassing the protease and
VWA domain of CLCA1 (22-477), CLCA2 (32-455), and
CLCA4 (22—-459) as well as the substrate region (285-915) of
CLCA1 were cloned into pHLsec with C-terminal hexahisti-
dine tags. A tag-free bacterial expression construct composed
of the protease and VWA domain of CLCA1 (22-477) was
cloned into pET23b. Mammalian expression constructs of
CLCA1 N-terminal fragment (22—-695) and C-terminal frag-
ment (696 —915) were cloned into the pHLsec vector containing
an optimized signal sequence and C-terminal hexahistidine tag
(20).

Protein Expression and Purification—Proteins in mamma-
lian expression vectors were expressed by transient transfec-
tion of FreeStyle 293F cells using 293Fectin cultured in serum-
free FreeStyle 293 media (Invitrogen). Culture supernatants
were collected 72 h after transfection, and proteins were puri-
fied to homogeneity using nickel affinity chromatography.
CLCA1 22-477 was expressed in Escherichia coli as insoluble
protein that was recovered from inclusion bodies, denatured in
6 M guanidine hydrochloride, and refolded by rapid dilution
into buffer consisting of 50 mm Tris, pH 8.5, 400 mm arginine, 5
mM reduced glutathione, 0.5 mm oxidized glutathione, 10 mm
CaCl,, 0.1 mm ZnCl,. The resulting soluble protein was purified
by gel filtration followed by ion exchange chromatography. The
protein was well folded as assessed by circular dichroism.

Determination of Proteolytic Cleavage Sites by Edman
Degradation—Full-length CLCA proteins were expressed by
transient transfection of FreeStyle 293F cells as described
above. Culture supernatants were collected 72 h after transfec-
tion, and C-terminal fragments were captured and purified
using nickel affinity chromatography. C-terminal fragments
were isolated by SDS-PAGE and membrane transfer and then
analyzed by N-terminal sequencing (Edman degradation) to
determine the site of proteolytic cleavage. The first 5 residues
were identified in each case. Additionally, intracellular process-
ing of CLCA1 was assessed by immunoprecipitating the C-ter-
minal fragment from the lysates of washed lung epithelial H292
cells transfected with a CLCA1-expressing adenovirus. Isola-
tion and analysis were performed as described above.

Sequence Analysis—CLCA sequences and naming were
based on recent nomenclature as recently reviewed (3).

Analysis of Proteolytic Processing of Wild-type and Mutant
CLCA1—Mutants were expressed in 293F cells as described
above. Culture supernatants and cell lysates were collected 72 h
after transfection and analyzed by Western blot using antibod-
ies that recognize either the N-terminal fragment (anti-N-
CLCA1 mAb 8D3; epitope region: 477—695) or the C-terminal
fragment (anti-His, antibody, Bethyl Laboratories). Processing
of the dual-tagged hCLCA1 construct was analyzed using anti-
FLAG antibody (M2 mAb, Sigma) in addition to the other anti-
bodies. To test the CLCA1 tobacco etch virus (TEV) mutant for
cleavage by exogenously added TEV protease, transfection was
carried out as above followed by the addition of TEV protease to
the culture medium (to a concentration of 0.2 mg/ml) 48 h after
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transfection. Samples were collected after 72 h after transfec-
tion and analyzed as above.

Proteolytic Digestion Assays—Purified protease (CLCA1
22—-477, CLCA2 32-455, and CLCA4 22-459) and substrate
(CLCA1 285-915) were produced as described above. Diges-
tion experiments were carried out by incubating substrate (0.5
uM) and protease (2.0 uM) in 100 ul of digestion buffer (20 mm
Hepes, pH 7.5, 150 mMm NaCl, 10 mm CaCl,, 10 um ZnCl,) at
37 °C for 18 h with samples taken at discrete time points and
analyzed by SDS-PAGE/Western blot using the anti-CLCA1
mAb 8D3. Digestion experiments in the presence of inhibitors
were carried out with GM-6001 (Millipore), Marimastat (Toc-
ris), Batimastat (Tocris), or Zeynepstat001 at 40 um or Halt
(Thermo) at 1X concentration. All inhibitor stocks were dis-
solved in dimethyl sulfoxide (DMSO).

Fluorogenic CLCA1 Peptide Digestion Assays—A fluorogenic
peptide substrate consisting of a donor-acceptor FRET pair
conjugated to the human CLCA1 cleavage sequence was syn-
thesized by AnaSpec (DABCYL-QQSGALYIPG-EDANS).
Experiments were carried out at 37 °C in the digestion buffer
described above. Reaction progress was monitored using a
BioTek plate fluorometer (excitation, 340 nm; emission, 490
nm). Refolded CLCA1 (22—477) was used as the protease. For
reactions in the presence of inhibitors, [protease] = 10 um,
[substrate] = 3.25 um, and [inhibitor] = 20 or 40 uMm, respec-
tively. Experiments were conducted in triplicate.

Chemical Synthesis of a Custom MMP Inhibitor—Synthesis
of Zeynepstat001 is described in the supplemental material.

Heterologous Expression for Electrophysiology—Mutations
predicted to interfere with the metalloprotease activity of
CLCA1 (H156A, E157Q) or a disrupted cleavage site (contra)
were generated using the pPCDNA3.1 expression vector; cDNAs
encoding the N-terminal or C-terminal fragments of CLCA1
were cloned into pHLsec, as described above. HEK293T cells
were plated in 6-well dishes and cultured in Dulbecco’s modi-
fied Eagle’s medium (Invitrogen) supplemented with 10% fetal
bovine serum, 10° units/liter penicillin, and 100 mg/liter strep-
tomycin. At 80% confluency, cells were transfected with the
relevant plasmids using 293Fectin transfection reagentata 1 ug
of DNA to 2 ul of 293Fectin ratio, and the amount of DNA per
well was kept constant at 2 ug. For identification of expressing
cells, 1% of EGFP-pCDNA3.1 plasmid was added to all trans-
fection mixtures. 24 h after transfection, cells were trypsinized
and replated at low density on glass coverslips. Expression of
wild-type (WT), mutant, and fragment proteins was confirmed
by Western blot of culture supernatants 48 h after transfection,
as described above.

Whole-cell Patch Clamp Recordings—Experiments were per-
formed at 25 °C, 48-72 h after transfection. Cells that fluo-
resced under ultraviolet light were selected for analysis.
Micropipettes were prepared from nonheparinized hematocrit
glass (Kimble-Chase) on a horizontal puller (Sutter Instrument)
and filled to a typical electrode resistance of 2 megaohms with
pipette solution containing 126 mm choline chloride, 10 mm
Hepes and 10 mM EGTA, in the absence or presence of 9.95 mm
CaCl, to attain 10 um free Ca>*, as calculated by means of the
CaBuf program (available through KU Leuven). The standard
extracellular solution contained 126 mm NaCl, 10 mm Hepes,
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30 mMm sucrose, 2 mm CaCl,, and 2 mm MgCl,. To determine the
background currents, the cells were superfused with a Cl ™ -free
solution containing 126 mm Na™ gluconate, 10 mm Hepes, 10.5
mM sucrose, 7 mm Ca’>* gluconate, and 3.5 mm Mg>* gluco-
nate. The pH of all solutions was adjusted to 7.4 with Tris. After
formation of a gigaohm seal and establishment of whole-cell
configuration, cells were voltage-clamped at —80 mV. A pulse
protocol was applied in which membrane potential (V,,) was
held at —80 mV for 500 ms and stepped to a test value for 1000
ms before returning to the holding potential for an additional
500 ms. The test potential varied from —100 to +80 mV in 20
mV increments. Currents were measured at the end of the
1000-ms voltage pulse. Membrane capacitance was calculated
from the integral of the current transient in response to 10-mV
depolarizing pulses and was monitored for stability throughout
the experiment. Data were filtered at 2 kHz, and signals were
digitized at 5 kHz with a Digidata 1322A (Molecular Devices).
Axoscope and pClamp software (Molecular Devices) were used
for pulse protocol application and data acquisition. Data were
analyzed using Clampfit (version 10.1, Molecular Devices) and
Excel (Microsoft). SigmaPlot 10.0 (Systat Software) and Corel-
DRAW X3 13.0 (Corel Corp.) were used for statistics and figure
preparation. Results are presented as mean * S.E., and
unpaired Student’s ¢ test was used to evaluate statistical differ-
ences between groups.

RESULTS

CLCA Proteins Share a Common Cleavage Site—Proteolytic
processing plays a central role in almost all biological networks,
and dysregulation is implicated in a broad range of diseases
(19). With this in mind, we sought to investigate the role of
proteolytic processing in CLCA protein function. Mammals
express 4 — 8 CLCA family members, predominantly at mucosal
surfaces. All CLCAs have been observed to undergo proteolytic
processing when expressed in mammalian cells; the protein
gets cleaved into two fragments of ~70 kDa of the N terminus
and 38 kDa of the C terminus (3). We reasoned that elucidation
of the cleavage site might allow for identification of the protease
responsible for this activity. To facilitate this analysis, we gen-
erated tagged soluble expression constructs of the three human
CLCA proteins (CLCA1, CLCA2, and CLCA4), as well as two
mouse CLCAs (CLCA3 and CLCA4), and expressed each of
them in mammalian cells (Fig. 1A4). Cleavage sites were deter-
mined by amino-terminal sequencing of secreted C-terminal
fragments from media supernatants. All five of the CLCA pro-
teins were cleaved at a common site (Fig. 1B). Because our data
and previous studies indicated that CLCA proteins are pro-
cessed intracellularly (7, 8, 21, 22), we also analyzed CLCA1
retrieved from cell lysates to investigate the possibility of
sequential processing. This sample displayed the same cleavage
site as the fully secreted proteins found in supernatants. Anal-
ysis of all known CLCA sequences from higher mammals
reveals a high degree of conservation in this region (Fig. 1B),
consistent with a consensus cleavage sequence shared among
CLCA family proteins (Fig. 1C) and a common protease, or
family of proteases, responsible for CLCA cleavage.

To verify the location of the cleavage site, we tested the effect
of mutations to the experimentally determined cleavage site
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FIGURE 1. Identification of a consensus cleavage site in CLCA proteins.
A, schematic of soluble CLCA constructs used to experimentally deter-
mine proteolytic cleavage sites. Dashed line denotes cleavage site with
scissile bond residue number listed underneath. Labels denote the follow-
ing: SS, signal sequence; CLCA-N, N-terminal CLCA domain; Fnlll, fibronec-
tin type Ill domain; 6His, hexahistidine tag. B, comparison of CLCA
sequences in the region of the proteolytic cleavage site. Results of N-ter-
minal sequencing are underlined and highlighted in green text. Sequence
conservation is color-coded as follows: magenta, invariant residues; yel-
low, conservation score of 5 or greater as determined by ALSCRIPT (49).
Lowercase letters preceding CLCA indicate species as follows: h = human,
Homo sapiens; m = mouse, Mus musculus; r = rat, Rattus norvegicus; p =
pig, Sus scrofa; b = cow, Bos taurus; e = horse, Equus caballus. C, schematic
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sequence on proteolytic processing of CLCA1 (Fig. 24). A point
mutation (A696P) or variations that matched the cleavage
sequence in other CLCAs (CLCA2 and CLCAA4) did not affect
proteolytic cleavage of CLCA1L; in contrast, variations that sig-
nificantly altered the consensus sequence (contra, TEV) abol-
ished proteolytic processing (Fig. 2B). These mutations did not
grossly affect protein folding as all variant proteins were
robustly secreted into the media supernatants. Furthermore,
TEV protease added to cultures expressing the TEV CLCA1
variant, in which the TEV protease cleavage site replaced the
consensus site, was not cleaved either (Fig. 2C), suggesting that
the cleavage site is not surface-exposed to exogenous proteases
and may only be accessible to the internal metalloprotease
domain in the natively folded full-length protein. Taken
together, these results pinpoint the location of the proteolytic
cleavage site in CLCA proteins and imply that a common pro-
tease with specific access to the site is responsible for cleavage
of all human CLCA proteins.

Proteolytic Processing of CLCA Requires Catalytic Residues in
a Predicted Zincin Metalloprotease Domain—Extensive bioin-
formatic searching of the MEROPS protease database (23)
using the CLCA consensus cleavage sequence did not provide
any reasonable candidates for the protease responsible for
cleaving CLCA family members. Thus, we decided to revisit the
untested hypothesis that the N-terminal CLCA-N domain itself
houses a metalloprotease domain similar to that of matrix met-
alloproteases (MMPs) (24). Indeed, when various CLCA-N
domain sequences were submitted to the updated PHYRE2 fold
prediction server (25), most predictions were high-confidence
hits to zincin metalloprotease catalytic domains.

The CLCA-N domain contains 8 cysteine residues that are
invariant across all family members (3). With 2 of these cys-
teines lying in the predicted catalytic region (amino acids
22-199) (Fig. 3C) and 6 in an adjacent cysteine-rich domain
(amino acids 200-283) (26) (Fig. 3A), it is most likely that the
CLCA-N domain is architecturally similar to the ADAM or
ADAMTS family of zinc metalloproteases, rather than MMPs.
Like the CLCA-N domain, ADAM and ADAMTS contain
disulfide bonds in their catalytic regions (Fig. 34) (27). The
catalytic domains of zinc metalloproteases contain a common
HEXXHXXGXXH motif, which includes the catalytically
required glutamate (bold) and zinc-chelating residues (3 histi-
dine residues) (27). CLCA sequences in the predicted catalytic
region are almost completely invariant and reveal a similar but
unique catalytic motif: HEXXHXXXGXXDE (Fig. 3C). Previous
studies have reported that mutations of Glu-157 in human
CLCA1 (24), murine CLCA3 (28), and murine CLCA®6 (29) to
Gln all produce mutant proteins that are not proteolytically
processed. However, the significance of these results is difficult
to interpret as these studies probed the protein from crude cell
lysates. The observed lack of cleavage could have been due to
loss of the catalytically required residue or to gross misfolding
of the protein caused by the mutation, which would also result
in detecting only full-length proteins in cell lysates. To unam-
biguously assess the catalytic importance of these predicted

of the consensus cleavage site in CLCAs. S and P labels refer to protease
subsite and pocket designations, respectively.
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FIGURE 2. Mutations opposing the consensus cleavage sequence prevent
proteolytic processing of hCLCA1. A, schematic of hCLCA1 displaying the
sequence encompassing the proteolytic site. Sequences are labeled as fol-
lows: SS, signal sequence; WT, wild type sequence; A696P, proline mutant at
the scissile bond; clca2, hCLCA2 cleavage site mutated into hCLCAT; clca4,
hCLCA4 cleavage site mutated into hCLCA1; contra, severe mutations con-
trary to the CLCA consensus cleavage sequence; TEV, tobacco etch virus pro-
tease cleavage site mutated into hCLCAT site; 6His, hexahistidine tag.
Mutated residues are highlighted in red. B, expression of mutant versions of
hCLCA1 in HEK293T cells. Samples were taken from media supernatants (S)
and lysed cells (C), separated by SDS-PAGE, and analyzed by Western blot for
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active site residues, we analyzed proteolytic processing of
CLCA1 point mutants fully secreted into media supernatants,
i.e. proteins that have passed the cellular quality control
machinery and are correctly folded. Mutations to all predicted
active site residues (H156A, E157Q, H160A, D167A, E168A)
produced only uncleaved, full-length proteins, whereas wild
type and a mutation outside the active site (Q150A) displayed
proteolytic processing (Fig. 3B). The data strongly suggest that
the CLCA proteins contain an N-terminal zinc metalloprotease
domain and that they are capable of self-cleavage.

CLCA Metalloprotease Domains Process CLCA Proteins and
Are Blocked by Specific Inhibitors—To definitively confirm the
self-proteolysis activity of CLCA1 by its metalloprotease
domain, we devised a biochemical digestion assay utilizing
purified proteins and monoclonal antibodies. This was carried
out with separately expressed and purified CLCA1 protease and
CLCA1 substrate proteins produced in mammalian cells (Fig.
4A). Substrate consisted of the full CLCA1 protein excluding
the metalloprotease domain. Protease consisted of the CLCA1
metalloprotease and VWA domains as this construct was stable
and robustly expressed. These proteins were mixed, incubated
at 37 °C, and then analyzed at various time points for accumu-
lation of cleavage product by Western blot with an antibody
that specifically recognized an epitope found only in the sub-
strate. Substrate alone displayed no degradation, whereas the
addition of the CLCA1 protease resulted in the appearance of a
cleavage product of appropriate size over time (Fig. 4B). The
addition of the divalent metal cation chelators EDTA and 1,10-
phenanthroline completely abrogated proteolytic activity as
they sequester the catalytically required zinc. In contrast, the
addition of a commercial mixture containing protease inhibi-
tors to all classes except metalloproteases (Halt, Thermo) had
no effect on proteolysis of the substrate. Taken together with
the previously presented mutational analysis, these data
unambiguously demonstrate that the CLCA proteins con-
tain an N-terminal metalloprotease domain responsible for
self-cleavage.

We next assessed the ability of various commercial and cus-
tom MMP inhibitors to block proteolysis in this assay (Fig. 4C).
These molecules belong to the class of hydroxamate-based
inhibitors, which consist of the moiety attached to a peptide
mimetic chain. These inhibitors act by chelating the zinc
through the hydroxamate group with the peptide mimicking
side chains binding to the S1’ and S2' pockets (supplemental
Fig. S1) (30). The inhibitors displayed differing levels of
potency, with Batimastat being most effective, followed by
GM-6001 and Marimastat. In addition, we synthesized a cus-
tom inhibitor consisting of a hydroxamate moiety fused to the
P1’ and P2’ residues of the CLCA1 cleavage sequence (termed
Zeynepstat001). This inhibitor was also effective in reducing
the activity of the CLCA1 protease.

either hCLCA1 C terminus (C-term) (Hisg antibody, top blot) or hCLCAT N ter-
minus (N-term) (8D3 mAb, bottom blot). Conservative mutations to the cleav-
age site (A696P, clca2, and clcad4) do not block proteolytic processing,
whereas radical variations (contra, TEV) block proteolytic processing of
hCLCA1. C, expression of hCLCA1 FL TEV mutant in the absence and presence
of TEV protease in the media (0.2 mg/ml). Secreted hCLCA1 FL TEV protein in
the media supernatant was analyzed by Western blot using same antibodies
asinB.
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of inhibitors. It displayed weak inhibitory activity (data not CLCA Proteases Can Cross-cleave CLCA Substrates—As
shown). Taken together, the data definitively show that CLCA1lis multiple CLCA proteins are expressed at mucosal surfaces (3),
a Zn>"-dependent metalloprotease and that inhibitors of CLCA1 ~ we examined the ability of other CLCA proteases to process

protease activity can be rationally designed. CLCAL1 substrate. The CLCA1 substrate was incubated with
A E 0.5+
SS 22 482 6HIS
hCLCA1 protease | |_CAT JCYSHIL vWA = 0.44
o}
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proteases, from either CLCA2 or CLCA4. Both proteases
cleaved the CLCAL1 substrate, although at a reduced rate (Fig.
4@G). Taken together with the data demonstrating that self-
cleavage of CLCAL is observed in variants where the cleavage
sequence is mutated to that of CLCA2 or CLCA4 (Fig. 2B), this
result suggests that the members of the CLCA family are capa-
ble of self-cleavage as well as cross-cleavage of other family
members. As multiple CLCA proteins are expressed in the
same tissues, this suggests that CLCA proteins might cross-
cleave each other in vivo; however, the physiological relevance
is unknown at this time.

CLCA Proteases Do Not Contain N-terminal Prodomains—A
key aspect of zincin metalloproteases is their intrinsic capacity
for self-regulation, and the most common mode of regulation is
removal of a prodomain. For example, MMPs and ADAM fam-
ily proteases both contain an N-terminal prodomain, consisting
of about 80 amino acids at the N terminus of the protein, that
blocks access to the protease active site. This domain must be
proteolytically removed for substrate access (27, 31). Structure
predictions of the CLCA-N domain metalloprotease region
indicate that the characteristic catalytic fold would begin
around residue 45, which would leave a short stretch of ~20
amino acids that may act as a prodomain. To probe whether
CLCAL1 contains an N-terminal prodomain that regulates self-
cleavage, we examined the processing of a dual-tagged hCLCA1
construct (Fig. 4H). This construct contains a FLAG tag directly
after the signal sequence so that detection of the FLAG tag on
the fully processed protein would preclude cleavage of any
N-terminal prodomain. The secreted CLCA1 protein was pro-
cessed normally as detected by antibodies that recognized the
CLCA1 N-terminal and C-terminal fragments. In addition,
Western blotting for the FLAG tag revealed an intact N termi-
nus. Collectively, these observations indicate that CLCA1, and
by implication CLCA proteins in general, do not contain N-ter-
minal prodomains.

Self-cleavage of CLCA1 Is Required to Modulate CaCC
Currents—T o assess the functional role of CLCA1 self-cleavage
in regulating CaCC activity, we designed mutations that gener-
ate either an inactive metalloprotease catalytic site (H156A and
E157Q) or an impaired cleavage site (contra) (Fig. 54) and
tested their impact on CaCC currents in HEK293T cells by
means of whole-cell patch clamp electrophysiology. In the pres-
ence of 10 uM intracellular Ca>" and physiological concentra-
tions of extracellular CI~, we observed activation of robust,

CLCA1 Self-cleavage Is Required for Gating CaCCs

slightly outward rectifying currents in HEK293T cells trans-
fected with full-length WT CLCA1 that reversed at ~0 mV and
were significantly reduced by replacement of extracellular C1™
with gluconate (Fig. 5C). At +80 mV, Cl™ current density, cal-
culated as the difference between current density in the pres-
ence (total) and absence (background) of extracellular Cl -, was
31 = 3 pA/pF in WT cells; individual measurements varied
from 8 to 80 pA/pF but were at least 10-fold larger than in cells
transfected with empty pCDNA3.1 vector (2.5 = 0.5 pA/pF; Fig.
5D). When no Ca*"* was added to the pipette buffer, Cl ™ cur-
rent density was 2.7 = 1.5 pA/pF in vector-transfected cells and
3.5 = 1.2 pA/pF in cells transfected with WT-hCLCA1 (n = 6
cells each) (Fig. 5C). These data are in agreement with reported
biophysical properties of Ca®>* -activated CI~ channels in native
cells and heterologous expression systems (4, 32—35) and are
consistent with a previous report that CLCA1 modulates the
activity of endogenous CaCCs in HEK293T cells (9). In cells
transfected with CLCA1 variants, in which the metalloprotease
activity was abolished (H156A, E157Q) or in which the cleavage
site was disrupted (contra), the gluconate-sensitive currents
were markedly decreased (Fig. 5C), and on average, the density
of CI™ currents was comparable with that measured in vector-
transfected cells (Fig. 5D). Expression levels of all the variants
were similar to the WT (Fig. 5B), indicating that the observed
effects were due to impaired proteolytic processing, rather than
altered synthesis, trafficking, or secretion. These data demon-
strate that self-processing of CLCA1 by its novel zincin metal-
loprotease domain is required for its activation of CaCCs.

The N-terminal Fragment of CLCA1 Is Sufficient to Modulate
CaCC Currents—To further delineate the role of CLCA self-
cleavage in activation of CaCCs, we assessed the ability of each
of the cleavage fragments to induce Ca”>"-activated currents
(Fig. 5E). At +80 mV, Cl™ current density was 4.0 £ 0.7 pA/pF
in cells transfected with empty pHLsec vector and increased to
35 = 5 pA/pF in cells expressing full-length CLCA1. Current
density in cells expressing the CLCA1 C terminus was as low as
in cells transfected with empty pHLsec (4.7 = 0.6 pA/pF). In
contrast, in cells expressing the N-terminal fragment, currents
were similar to those measured in cells transfected with the
full-length construct (32 = 5 pA/pF). These results demon-
strate that the N-terminal fragment of CLCAL1 is necessary and
sufficient to regulate Ca®" -activated Cl~ currents and that self-
cleavage is required to release an inhibitory C-terminal frag-

FIGURE 4. Self-cleavage of hCLCA1. A, schematic of protein constructs used in purified protein proteolysis assays. Labels denote the following: SS, signal
sequence; CAT, metalloprotease catalytic domain; CYS, Cys-rich domain; 6His, hexahistidine tag. B, proteolysis of hCLCA1 substrate by hCLCA1 protease.
Samples were incubated at 37 °C with samples taken at time points as noted. Reactions are labeled as follows: A, substrate only; B, substrate (0.5 um) + protease
(2 um); C, substrate + protease + 15 mm EDTA; D, substrate + protease + 15 mm 1,10 phenanthroline; E, protease + substrate; F, protease + substrate + HALT
(1X). C, effect of commercial and custom MMP inhibitors on hCLCAT1 proteolytic cleavage. Conditions were the same as the above with the following inhibitors
added to digestion reactions (at 40 um): B, GM-6001; C, Marimastat; D, Batimastat; £, Zeynepstat. D, activity of purified refolded hCLCA1 protease on a
fluorogenic peptide corresponding to the hCLCA1 cleavage sequence (DABCYL-QQSGALYIPG-EDANS). Protease and substrate were incubated together for 60
min, and product formation was measured over time. Reactions were carried out in triplicate and averaged with standard deviations shown as error bars. Color
codingis as follows: green, protease (10 um) + substrate (3.25 um); red, protease (10 um) + substrate (3.25 um) + 15 mm EDTA; gray, protease (10 um) + substrate
(3.25 um) + 15 mm EDTA + 20 mm ZnCl,. E, enzyme velocity versus substrate concentration plot for refolded human CLCA1 protease (22-473) (at 4 um) using
the human CLCAT1 fluorogenic reporter peptide as a substrate. Three replicates were performed for each concentration. F, effect of commercial and custom
MMP inhibitors on hCLCA1 protease activity in the fluorogenic peptide digestion assay. Reaction conditions were the same as the above with inhibitors added
at 20 and 40 pMm. Activity was reported as the percentage of reaction velocity in the absence of inhibitors. Reactions were carried out in triplicate. G, proteolysis
of hCLCA1 substrate by hCLCA2 and hCLCA4 protease. Reactions are labeled as follows: A, substrate only; B, substrate + hCLCA2 protease; C, substrate +
hCLCA4 protease. H, expression of a dual-tagged hCLCA1 protein in 293F cells. Top: schematic of the construct containing an N-terminal FLAG tag and
C-terminal Hisg tag. The region containing the 8D3 mAb epitope is highlighted. Bottom: Western of supernatants from 293F cells expressing dual-tagged
hCLCAT1. Left: anti-FLAG and 8D3 mAb blot. Right: anti-Hisg blot. N-term, N terminus; C-term, C terminus.
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FIGURE 5. Mutations that disrupt the metalloprotease activity or the cleavage site of hCLCA1 affect Ca®*-activated Cl~ currents in HEK293T cells.
A, schematic of hCLCA1 variants used in patch clamp electrophysiology experiments. The table summarizes the biochemical properties of each variant. Labels
denote the following: SS, signal sequence; CAT, metalloprotease catalytic domain; CYS, Cys-rich domain; WT, wild type sequence; contra, severe mutations
contrary to the CLCA consensus cleavage sequence. B, expression levels of hCLCA1 proteins in the same cells used for electrophysiology. S, supernatants;
G, lysed cells. C, whole-cell currents measured in representative cells transfected with empty pCDNA3.1 plasmid, wild-type (WT) hCLCA1, or mutant hCLCAT,
superfused with standard extracellular solution ([CI" ], left) and after replacement of external Cl~ with gluconate ([Gluconate™],,,, right). For most experi-
ments, the pipette solution contained 10 um free Ca®* ([70 um Ca®*1,,), and the pulse protocol is shown at the top left. Selected experiments were performed
in the absence of pipette Ca®" ([0 um Ca®"];,); in those, a simplified pulse protocol was used in which the voltage was held at —80 mV and stepped from —80
mVto +80 mVin 40-mV increments. Outward currents are represented by upward deflections, and the dotted lines indicate zero current. Membrane capacitance
was similar in all cases at ~25 pF. D, density of chloride currents at +80 mV. Values represent the difference between current density in presence (total) and
absence (background) of extracellular Cl™. Circles represent data from individual patches (n = 10-35); bars indicate the means =+ S.E. of all experiments. *, p <
0.001 as compared with the WT (unpaired Student’s t test). E, CI~ current density at +80 mV in cells transfected with empty pHLsec vector or full-length,
C-terminal (C-term) or N-terminal (N-term) hCLCA1, in the absence (N-terminal) or presence of a metalloprotease-disrupting mutation (N-term E157Q). Circles
represent data from individual patches (n = 7-12); bars indicate the means = S.E. of all experiments. *, p < 0.001 as compared with the full-length (unpaired
Student’s t test).

ment and unmask the N-terminal fragment for interaction with
the channel.

Proteolytic Activity of the CLCA1 N-terminal Fragment Is Not
Required to Modulate CaCC Currents—To address whether
the proteolytic activity of the N-terminal fragment was
required for activation of CaCCs, we assessed the ability of the

involve direct proteolytic clipping of the channel and suggests a
direct interaction that induces gating.

DISCUSSION

CLCA1 Is a Self-cleaving Zincin Metalloprotease—Since their
discovery nearly two decades ago (36), there has been much con-

E157Q variant of this fragment to induce Ca>*-dependent cur-
rents in HEK293T cells. In cells transfected with this variant,
Cl™ current density was close to that of the WT N-terminal
fragment (30 = 6 pA/pF, Fig. 5E). This demonstrates that gating
of CaCCs by the N-terminal fragment of CLCA1 does not
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troversy regarding the specific functions of CLCA proteins and
their connection to CaCC activity (9). In the present study, we
demonstrate that CLCA proteins, specifically CLCA1, utilize a dis-
tinct self-processing mechanism in regulating CaCC activity. This
discovery is supported by several novel findings.
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First, we have demonstrated that CLCA proteins represent a
novel class of zincin metalloproteases capable of self- and cross-
cleavage. It should be noted that previous studies have
attempted to address the issue of CLCA metalloprotease activ-
ity (28, 29); however, these studies were based on experiments
utilizing CLCA proteins found in crude membrane fractions.
The authors claimed that purified CLCA proteins could not be
produced. Here, using purified proteins, peptides, and a com-
prehensive functional analysis, we unambiguously demonstrate
that CLCAs are novel zincin metalloproteases that self-cleave.
Up to the present study, the recognized secreted mammalian
zincin endopeptidases consisted of MMP, membrane-bound
MMP (MTMMP), ADAM, and ADAMTS families (26). These
metalloproteases all contain a HEXXHXXGXX(H/D) catalytic
motif, with zinc-binding histidines (the third histidine is some-
times replaced by aspartate) and the catalytically required base/
acid glutamate (bold) (27). Mutational and sequence analysis of
the novel CLCA metalloprotease domain reveals a related
HEXXHXXXGXXDE catalytic motif. Aside from histidine,
aspartate is the most common residue in the third chelating
position. However, aspartate is not strictly conserved at that
position within the CLCA family, whereas the adjacent (and
chemically similar) glutamate is invariant (Fig. 3C). Mutational
analysis indicates that both residues are structurally required
for self-processing, although based on the current data, we can-
not conclude whether the aspartate or glutamate constitutes
the third zinc-binding residue. Regardless of this identity, the
CLCA catalytic motif appears to be unique among secreted
mammalian zincin metalloproteases.

A second key aspect of our findings relates to the regulation
of metalloprotease activity. This is typically controlled at four
levels: expression; compartmentalization; pro-enzyme activa-
tion; and inactivation (usually by inhibitors). MMP and ADAM
proteins are secreted as zymogens that contain an N-terminal
prodomain of around 80-100 amino acids, which folds against
and blocks the catalytic active site (37). Removal of the prodo-
main is required for substrate molecules to access the active site
cleft. However, a similar prodomain arrangement does not
appear to be present in the CLCA proteins as the beginning of
the predicted metalloprotease catalytic domain is within 10 -20
residues of the N terminus of the mature protein. Furthermore,
the processing of a dual-tagged CLCA1 protein indicates that
an N-terminal prodomain is not present. Thus, the regulation
of CLCA metalloproteases has distinct features that suggest the
regulation of specific CLCA proteins will be unique and specific
to their function. The observation that the addition of a TEV
protease sequence into CLCA1 in the presence of TEV protease
indicates that the cleavage site may be buried in the natively
folded full-length protein, suggesting that regulation may be
achieved by conformational change. The trigger for cleavage is
uncertain, butitis possible that the shift in pH that occurs along
the secretory pathway (starting from pH 7.4 in the ER to 5.5 in
secretory endosomes) could control the compartmental loca-
tion of cleavage. Additionally, from the current data, it is
unclear whether self-cleavage predominantly occurs intra- or
intermolecularly. Future studies will be required to define this
mechanism and evaluate the role of endogenous metallopro-
tease inhibitors, such as the tissue inhibitor of metalloprotei-
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nase (TIMP) proteins (38), in the regulation of CLCA protease
activity.

A third unique aspect revealed by our analysis of CLCA met-
alloprotease activity is the distinct nature of the consensus
cleavage site in CLCA proteins. The sequence for this site
shows extreme conservation on the prime (') side of the scissile
bond (Fig. 1B), suggesting that the substrate-binding cleft in the
CLCA metalloproteases is similar in feature to others in that its
specificity is mainly built into the prime side, with the unprimed
side being rather flat and featureless (27). Sequence analysis of
the mammalian CLCA proteins suggests the presence of a cys-
teine-rich domain (containing six invariant cysteines) adjacent
to the catalytic domain (Fig. 34). Cys-rich domains are found in
a number of ADAM and ADAMTS family members; they con-
trol substrate selectivity and access to the catalytic site (26).
MMP (39) and ADAM family (26, 31) proteases play key roles as
modulators of inflammation and innate immunity through
activation or inactivation of cytokines, chemokines, or other
proteins. The major substrate of the CLCA metalloprotease
domains appears to be the CLCA protein itself, but given the
central involvement of CLCAs in chronic inflammatory airway
diseases, additional CLCA protease substrates should also be
considered.

Self-cleavage Is a Required Feature of CaCC Activation—We
demonstrate that CLCA proteins are distinct in their mode of
modifying ion channel activity. In particular, the observation
that self-cleavage of CLCAL is required for regulation of CaCC
activity introduces a novel mechanism for controlling ion chan-
nel gating. The CLCA mechanism exhibits some similarity to
the «,6 subunit of voltage-gated calcium channels, which are
also secreted, proteolytically cleaved, and contain a VWA
domain (40). Proteolysis cleaves this protein into two pieces
and also relieves the o, subunit from a transmembrane domain,
and these events are required for enhanced surface expression
of voltage-gated calcium channels (41). However, although «,8
subunits do contain an uncharacterized N-terminal domain,
they do not appear to contain features consistent with being a
metalloprotease, nor do structure prediction algorithms detect
the presence of one.

Our data also indicate details of a mechanism of how CLCA1,
and CLCA proteins in general, activate CaCCs. It has been pro-
posed that CLCA1 increases CaCC conductance by directly
affecting the permeation pathway, rather than via enhanced
trafficking or surface expression of endogenous channels (9).
Our results demonstrate that proteolytic cleavage is required
for CLCA1-mediated activation of CaCCs, and the N-terminal
fragment alone is sufficient for activation. Additionally, the fact
that the N-terminal fragment E157Q variant is able to activate
CaCCs just as effectively as WT demonstrates that the proteo-
Iytic activity of this fragment is not required to activate the
channel. This suggests that the CLCA1 N-terminal fragment
activates CaCCs by direct interaction with the channel. This
mechanism is thus distinct from the manner by which secreted
proteases activate epithelial sodium channels (ENaCs) in the
airway through proteolysis of the channel (42). We propose that
the C-terminal fragment of CLCA masks the N-terminal region
in the full-length protein and that self-cleavage is required to
expose the N-terminal fragment, which can then interact with
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FIGURE 6. A model of CLCA1 action based on the current data. A, CLCA1
variants with inhibitory mutations in the metalloprotease domain or cleavage
site (red stars) are produced in the secretory pathway and secreted as full-
length molecules, which are unable to productively interact with a CaCC due
to masking by the C-terminal portion of CLCA1. TGN, trans-Golgi network; ER,
endoplasmic reticulum. B, native CLCA1 undergoes self-cleavage in the secre-
tory pathway, releasing the C-terminal fragment and allowing for the N-ter-
minal fragment (NTF) to engage and activate a CaCC.

the channel (Fig. 6). The precise nature of these interactions
remains to be addressed.

Consequences for Airway Disease Mechanisms and Therapies—
Although the precise identity of the CaCC activated by CLCAs
is uncertain, a primary candidate is the anoctamin (also called
TMEM16) family of proteins, which are the only presently
identified CaCC proteins (43). Within this family, only Anol
and Ano2 have been shown to be surface-expressed and create
Ca?*-activated Cl~ currents (44, 45). Studies in Anol ™/~ mice
indicate that Anol-mediated Cl~ secretion is necessary for
normal airway surface liquid homeostasis (46), implying a sim-
ilar functional role to CFTR in the airway. Future studies will be
required to determine whether this potential functional associ-
ation between CLCA and anoctamin family members is based
on direct physical association.

The identification of self-processing of CLCA1 as a require-
ment for modulation of CaCC activity has significant implica-
tions for airway disease. In CF, CLCA]1 activity appears to pro-
duce improvement of the CF phenotype by activation of
compensating Cl~ channels (17, 47). In asthma and chronic
obstructive pulmonary disease, increased CLCA1 activity is
linked to increased mucus production (16), but any connection
to CaCC activity still needs to be defined. Our study is the first
to provide experimental approaches aimed at dissecting these
two seemingly conflicting functional roles of CLCAs by bio-
chemically characterizing mutations that prevent CaCC activa-
tion and identifying the fragment responsible for activation.
Our findings also raise the intriguing possibility of developing
CLCA1 protease inhibitors as research tools and therapeutic
agents. The observed differences in effectiveness among MMP-
like inhibitors at blocking CLCA1 metalloprotease activity pro-
vides useful insights for the design of potent and specific
CLCA1 inhibitors. The main structural difference between
these inhibitors is side chain size for the predicted S2’ moiety
(indole, isopropyl, phenyl, and isobutyl for GM-6001, Marimas-
tat, Batimastat, and Zeynepstat001, respectively) (supplemen-
tal Fig. S1). Our results suggest that a larger hydrophobic resi-
due in the S2' pocket produces a more effective inhibitor,
possibly via strengthening noncovalent interactions. These
findings may be useful in guiding the design of more potent and
specific CLCA metalloprotease inhibitors to prevent excess
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CLCA1 activity found in airway disease and perhaps cancer as
well.

A final implication of our findings derives from the differ-
ences in function between human CLCA proteins. Of the three
CLCA proteins expressed at mucosal surfaces (CLCAL,
CLCAZ2, and CLCA4), only CLCA1 appears to regulate mucin
gene expression and consequent mucus production (16),
although CLCA1 and CLCA2 can both regulate CaCC activity
(9, 48) (CLCA4 has not been tested). A thorough mechanistic
understanding of how CLCA2 (or CLCA4) is able to activate
CaCCs without triggering mucus production could lead to the
development of novel selective CF therapeutics that exploit
these mechanisms.
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